Introduction
In late mitosis and early G1 phase of the cell cycle, replication origins are 'licensed' for replication by the loading of a complex of six minichromosome maintenance (MCM) proteins, MCM2-7 (Blow and Laskey, 1988; Diffley, 2001; Lei and Tye, 2001; Blow and Hodgson, 2002) . The origin recognition complex (ORC) first binds to each replication origin, and then recruits two other proteins, Cdc6 and Cdt1 during G1 (Bell and Dutta, 2002) . Subsequently, MCM complex is bound at replication origins to license the origins for replication fork initiation at the onset of S phase (Diffley et al., 1994; Labib et al., 2001) . Two regulatory proteins, cyclin-dependent kinase (cdk) and Geminin play a critical role to prevent re-licensing by inhibiting loading of new MCM complex onto the origins during S, G2, and early M phase (Diffley, 2001; Lei and Tye, 2001; Blow and Hodgson, 2002) .
Geminin, an inhibitor of DNA replication, was originally identified as a substrate for the anaphasepromoting complex (APC) that degraded in mitotic Xenopus egg extracts. Geminin contains a destruction box sequence near its amino terminus that is necessary for this degradation during the cell cycle (McGarry and Kirschner, 1998) . Geminin is degraded as the cells exit from mitosis in synchronized Hela cells, then Geminin is absent during the G1 phase and accumulates during the S, G2, and M phases (McGarry and Kirschner, 1998) . Cdt1, an essential replication factor, must be incorporated into prereplication complex to recruit MCM complex (Maiorano et al., 2000; Nishitani et al., 2000) . Geminin inhibits DNA replication by preventing incorporation of the MCM complex into the prereplication complex (Wohlschlegel et al., 2000; Tada et al., 2001) .
The biological function of Geminin has been characterized in higher organisms by suppressing gene transcription, depleting endogenous protein, or overexpressing exogenous protein. In Xenopus embryos, Geminin induces uncommitted embryonic cells to differentiate as neurons (Kroll et al., 1998) . Geminin mRNA elimination by using antisense techniques arrested the embryos in the G2 phase immediately after the midblastula transition indicating that Geminin has an essential function. Loss of this function prevents entry of cells into mitosis by activation of a mechanism that depends on Chk1, the effector kinase of the DNA damage checkpoint pathway (McGarry, 2002) . The Drosophila homolog of Geminin was shown to have properties similar to Xenopus Geminin. Overexpression of Drosophila Geminin in embryos inhibits DNA replication, induces ectopic neural differentiation, and undergoes apoptosis (Quinn et al., 2001) . The silencing of Geminin expression in Drosophila Schneider D2 cells indicates that Geminin is required for the suppression of over-replication and for genome stability in Drosophila cells (Mihaylov et al., 2002) .
Overexpressing a nondegradable form of Geminin in which the destruction box was mutated in human cancer cells U2OS activated an intra-S checkpoint, arrested cell proliferation, and triggered apoptosis (Shreeram et al., 2002; Wohlschlegel et al., 2002) . These results suggest that overexpression of a stabilized form of Geminin inhibits cancer cell proliferation. It is, however, unclear whether overexpression of the mutant protein produces nonspecific effects.
In this paper, we show that cells with a targeted disruption of the destruction box of human Geminin survive with only a slight prolongation of the G1 phase of the cell cycle. They do not permit EBNA1-dependent replication of episomes from oriP, but this replication is restored upon stable overexpression of Cdt1 in these cells. In vivo tumorigenicity as well as in vitro cell proliferation in the mutated cells was suppressed. The diminished level of DNA replication in mutated cells is accompanied by the activation of a DNA damage checkpoint pathway. The increased level of p21 protein, presumably resulting from the stabilization of p53, is rescued by overexpression of Cdt1. Taken together, these data suggest that even at physiological levels of Geminin, the mutation of the destruction box is sufficient to inhibit DNA replication and tumor growth without inducing apoptosis. Disrupting the normal G1 destruction of endogenous Geminin also appears to activate the DNA damage checkpoint pathway in human cells.
Results

Mutation of Geminin
The biological function of Geminin in mammalian cells has been assessed only through overexpression experiments, so that it has not been possible to eliminate pleiotropic effects due to the overexpressed exogenous protein. To circumvent this problem, a homologous recombination was used to replace the second exon of Geminin (encoding the initiator ATG) in HCT116 colon carcinoma cells with a neomycin phosphotransferase (Neo) gene (Figure 1a ). PCR screening of genomic DNA with the indicated primers was performed. For the left homologous arm, G17 and Cre1 primer set, which both are included in the targeting vector, produces a 1.0 kbp product both in Geminin heterozygous ( þ /À) and neoresistant wild-type clones in which the targeting vector was nonhomologously integrated in the chromosome (see Figure 1b , right lane of 5 0 PCR panel). G18 and Cre1 or G1 and Cre1 primer sets produce 1.1 or 1.68 kbp products from the À allele, respectively. The 1.68 kbp product is cut by HindIII into fragments of 865, 468, and 350 bp and EcoRV into fragments of 1420 and 263 bp (Figure 1b, 5 0 PCR). For the right homologous region, Cre2 and G7 primer set, which both are included in the targeting vector, produces an about 4.2 kbp product both in Geminin heterozygous ( þ /À) and Neo-resistant wild-type clones in which the targeting vector was randomly integrated in the chromosome (see Figure 1b , Neo-R lane of 3 0 PCR panel), whereas Cre2 and G23 primer set produces a 4556 bp product from the À allele that is cut by EcoRI into fragments of 3098 and 1458 bp (Figure 1b, 3 0 PCR). Consequently, PCR screening with the G1 and Cre1 plus Cre2 and G23 primer sets identified 10% of G418-resistant colonies as Geminin þ /À clones. The integration of a single copy of the targeting vector into Geminin locus was confirmed by Southern blot after digestion with EcoRI. A single 6.0 kbp band was identified by a probe designed in Neo gene (Figure 1c) .
Cre-mediated recombination of the LoxP sites, flanking the Neo gene excised the Neo cassette, made the cells susceptible to G418, and left a LoxP site in place of the latter half of exon 2 in the allele called LoxP. PCR screening of genomic DNA with the indicated primers (G25 and G24) produces a 327 bp product from the þ allele (Figure 1d and e). Cre-mediated recombination was distinguished by PCR screening because it produces a 231 bp product from the LoxP allele instead of a 1.4 kbp product from the À allele (Figure 1e , left). The second allele of Geminin was targeted with the same vector followed by G418 selection. Retargeting of the LoxP marked allele recreates the À allele in cells (Figure 1d ). Targeting of the remaining wild-type Geminin allele, on the other hand, creates the desired cell line (À/LoxP) ( Figure 1d ). PCR screening produces a 231 bp product from the LoxP allele and a 1.4 kbp product from the -allele (Figure 1e , right). PCR analysis identified about 7% of the G418-resistant clones as -/LoxP mutants at the Geminin locus.
LoxP-Geminin allele produces a low level of mRNA but a physiological level of N terminally truncated stable Geminin protein In a conventional gene deletion experiment, transcription and polyadenylation of the drug resistance cassettes inserted in the two alleles of the target gene prevents residual expression of the latter. In the strategy employed here, however, only a LoxP site was left in the latter half of exon 2 in the LoxP allele. Although the initiator ATG was removed, low levels of a variant mRNA produced by read-through transcription or alternative splicing could express an N terminally deleted protein (Dhar et al., 2001) . The RT-PCR analysis revealed that the expression of Geminin mRNA in the mutant cells (À/LoxP) significantly decreased when compared to that of wild-type ( þ / þ ) cells (Figure 2a ). Owing to the absence of a splice donor site in the LoxP site, a cryptic splice site in intron 2 could have been used to produce an alternatively spliced Geminin mRNA in the mutant cells (À/LoxP) that is less stable than wild-type Geminin mRNA.
Although an anti-Geminin antibody did not recognize the full-length 33 kDa Geminin protein in the À/LoxP cells, a mutant Geminin of about 28 kDa (Geminin DEL ) was detected at almost equal protein level as wildtype cells when asynchronously cultured cell lysates Geminin is ubiquitinated by APC, which specifically targets B-type cyclins and other proteins containing destruction box motif(s) for degradation by ubiquitinmediated proteolysis (Zachariae and Nasmyth, 1999) . Since APC becomes active during mitosis and remains active throughout the G1 phase of the cell cycle, we examined whether Geminin DEL was degraded in mitosis and G1. The wild-type cells blocked at the G1-S phase of cell cycle by mimosine has less Geminin protein when compared with the Geminin DEL protein prepared from Figure 2b ). To further define the stability of Geminin-DEL protein during cell cycle, a culture of HCT116 cells was synchronized with nocodazole at the M phase, and the cells were collected at 3 h after release from the block. Note that the protein level of wild-type Geminin and Geminin DEL at prometaphase is unchanged in nocodazole-treated cells (Figure 2c) . At 3 h after release from nocodazole block, the cells progressed through mitosis and started entering G1 as assessed by cyclin B degradation (Figure 2c , bottom). In the same cells, the Geminin DEL was much more stable compared to the wild-type Geminin consistent with the destruction box being critical for degradation of Geminin (Figure 2c ).
Targeting of destruction box of Geminin inhibits chromatin loading of MCM complex and prolongs G1 phase of the cell cycle
Geminin was shown to inhibit Cdt1, which plays a role in loading the MCM complex onto chromatin (Maiorano et al., 2000; Wohlschlegel et al., 2000; Tada et al., 2001) . To investigate the effect of targeting the destruction box of Geminin on the chromatin loading of DNA licensing factors, immunoblotting of proteins from the chromatin fraction of cells was performed. The amount of chromatin-associated MCM3, MCM6, and MCM7 proteins was decreased to less than 50% in the À/LoxP cells, whereas chromatin-associated Orc2 protein level was not changed (Figure 2d ).
The proliferation rate of the Geminin À/LoxP cells was decreased by 30% ( Figure 3a ). DNA replication activity based on BrdU incorporation of À/LoxP cells was approximately 50% that of wild-type cells and þ /À cells ( Figure 3b ). FACS used to measure the DNA content of asynchronously growing cells indicated almost no change in the G1 phase population in the wild-type and À/LoxP cells (data not shown). Contrary to the apoptosis observed upon overexpression of stabilized Geminin (Shreeram et al., 2002) , there was no sub-G1 population in the À/LoxP cells. More direct assays for apoptosis-like terminal deoxynucleotidyltransferase-mediated dUTP-end labeling (TUNEL) assay also did not show an increase in apoptosis (data not shown). The percentage of cells remaining in the G1 phase following release for 24 h from mimosine induced G1-S block increased in À/LoxP cells by about 15% compared to wild-type and þ /À cells, suggesting a slight delay in entry into the S phase ( Figure 3c ). The percentage of cells that remained in the G1 phase of cell cycle did not vary by more than 5% between the repeated experiments.
The destruction box of Geminin is required for efficient tumorigenicity
The importance of APC-mediated destruction of cell cycle regulators has not been tested in animals. We, therefore, examined whether the absence of the destruction box of endogenous Geminin had any effect on tumorigenesis in vivo. Wild-type and À/LoxP HCT116 cells were injected subcutaneously and grown as xenografts in nude mice for up to 4 weeks. There was a dramatic reduction in tumor establishment and growth of the À/LoxP cells compared with wild-type HCT116 cells ( To test whether the suppression of tumor growth in mutated cells was a result of increased apoptosis, we performed TUNEL staining on tumor sections. Numerous TUNEL-positive cells were equally observed in the central zone of both the tumors (Figure 4c , g and h). We could not, however, observe any significant difference in the TUNEL positivity in cells located in the marginal zone of tumor, suggesting that increased apoptosis is not responsible for the tumor growth suppression in the mutated cells. Immunohistochemical staining for Ki-67, which is preferentially expressed during the late G1-, S-, M-, and G2 phase of the cell cycle, showed significantly reduced numbers of proliferating cells in À/LoxP tumors as compared to the wildtype tumor (Figure 4c , i vs j). The tumors from À/LoxP cells showed a more than twofold decrease in Ki-67-labeling index (24.8%78.9 for À/LoxP vs 56.0%79.3 for wild type, Po0.002), suggesting that the targeted disruption of destruction box of Geminin leads to a slowing of tumor cell proliferation. We also noticed that Ki-67-labeled cells had tendency to locate predominantly on the outer side of the marginal zone and did not exist in the central zone of the tumors. This implicates that local environmental factor such as oxygen supply played a role in regulating cell growth/ death. Thus, massive cell death observed in the central zone could be presumably caused by a consequence of intratumoral hypoxia. Taken together, these results indicate that the major cause of tumor mass reduction upon stabilization of endogenous Geminin is not due to increased apoptosis but conceivably due to a defect in DNA replication activity.
Activation of checkpoint and cell cycle proteins
Recent work has shown that overexpression of a nondegradable form of Geminin resulted in the activation of an intra-S checkpoint (Shreeram et al., 2002) . HCT116 cells are known to maintain intact p53 and retinoblastoma (Rb) protein. To determine whether endogenous nondegradable form of Geminin is sufficient to activate a DNA damage checkpoint signal in HCT116 cells, cell lysates were immunoblotted for detecting proteins involved in DNA damage checkpoint and cell cycle pathways. The À/LoxP cells contained high levels of p53 and a target of p53, the Cdk inhibitor p21 Waf1/Cip1 ( Figure 5 ). In support of inhibition of Cdk2, phosphorylation of serine 795 of Rb was low and cyclin A level slightly decreased in À/LoxP cells ( Figure 5 ). The level of p53 phosphorylation at serine 6, 9, 15, 37, 46, and 392 and the level of p16
INK4a remained at background levels or were unchanged relative to wildtype cells (data not shown). In contrast, phosphorylation of p53 on serine 20 was modestly elevated in À/ LoxP cells, indicating stabilization of the protein possibly due to phosphorylation by Chk1 or Chk2 protein kinases (Chehab et al., 2000; Shieh et al., 2000; Abraham, 2001 ). HU treatment (1.5 mM) of the same cells showed that Chk1-mediated phosphorylation of serine 20 of p53 was not hyperactive under all circumstances in the À/LoxP cells ( Figure 5 ). The Chk1 and Chk2 protein levels were similar between wild-type and À/LoxP cells ( Figure 5 ). The status of Chk1 phosphorylation at serine 345 and that of Chk2 at threonine 68 could not be detected (data not shown). No difference was observed in p34
Cdc2 and Akt/PKB protein levels between wild-type and À/LoxP cells ( Figure 5 and data not shown).
Stabilized Geminin impairs replication from the oriP of EBV
We have previously reported that replication of the Epstein-Barr virus (EBV) oriP episome in HCT116 cells was inhibited by transient overexpression of wild-type Geminin and mutant Geminin lacking a destruction box (Dhar et al., 2001) . Therefore, it was of interest to investigate whether the slight stabilization of endogenous Geminin is sufficient to interrupt oriP-based replication. A plasmid carrying oriP, EBNA-1, and a hygromycin resistance gene (p220) was transfected into wild-type and À/LoxP cells and the transfected cells were selected in hygromycin for up to 12 days (Figure 6b ). Replication of p220 allowed robust hygromycin-resistant colonies to emerge in the wild-type cells, but not in the À/LoxP cells, indicating that the stabilization of endogenous Geminin is sufficient to inhibit replication of oriP of EBV. p396, a similar plasmid to p220 except for a deletion in the EBNA-1 binding sequence, did not support any colony formation both in the wild-type and À/LoxP cells, indicating that colony formation required EBNA-1-dependent replication of the plasmid (Figure 6c ). pBabe-puro, a plasmid that does not have oriP or EBNA-1 and is integrated in the host cell chromosome, was used as a control and produced almost the same size and number of puromycin-resistant colonies in wildtype and À/LoxP cells (Figure 6a ). pSG5, a mammalian expression vector without any drug-resistant gene, Targeted disruption of Geminin destruction box K Yoshida et al produced no colonies under hygromycin selection (Figure 6d ). Therefore, wild-type and À/LoxP cells are not inherently different in their transfection efficiency or in their expression of drug resistance markers. The observation that the size and number of the puromycin-resistant colonies are similar in wildtype and À/LoxP cells also indicates that the inability of the plasmid p220 to replicate cannot be due to the difference in proliferation rates between the two cells. Collectively, these results imply that the cell cycleregulated degradation of Geminin is important to permit for EBV oriP-dependent replication of plasmids in human cells.
Rescue of À/LoxP cells phenotype by overexpressing Cdt1 protein
As À/LoxP cells could have a deficiency in Cdt1 function due to the stabilized Geminin DEL , we investigated whether overexpression of Cdt1 can rescue the phenotypes seen in À/LoxP cells. Cdt1 expressing vector was stably transfected into À/LoxP cells. The expression level of Cdt1 mRNA was semiquantitatively detected by RT-PCR. As shown in Figure 7a , transfection of exogenous Cdt1, but not vector alone, resulted in an increase in Cdt1 mRNA level. Importantly, this resulted in attenuation of the p21 protein level (Figure 7b ). , 1988) . To evaluate the effect of p21 degradation on the cell phenotype, we examined BrdU incorporation and cell growth. Overexpression of Cdt1, but not SV40-T, caused a partial recovery of DNA replication activity in À/LoxP cells (Figure 7c ). Overexpression of Cdt1 and SV40-T partly rescued the cell proliferation defect of À/LoxP cells after 3 days culture (Figure 7d ). The G1 delay was also partially rescued by Cdt1 overexpression but not by SV40-T overexpression (data not shown).
If the defect in oriP-based plasmid replication in À/LoxP cells is due to the stabilization of Geminin, overexpression of Cdt1 protein should rescue the replication suppression. Cdt1 or viral oncogenes were stably introduced into the À/LoxP cells by cotransfection with pBabe-puro and selection for stable clones under puromycin. p220 oriP-based plasmid was then stably transfected into the puromycin-resistant cells and selected with hygromycin. The increase in hygromycinresistant colonies in À/LoxP cells stably expressing Cdt1 indicates that the expression of Cdt1 in À/LoxP cells restored replication from oriP of EBV (Figure 7e and b) . The SV40-T and HPV E6, which are capable of binding and inactivating the cellular p53 protein (Werness et al., 1990) , had little effect on the colony formation in À/LoxP cells, suggesting that the activated p53 pathway is not responsible for inhibiting the replication and maintenance of p220 in À/LoxP cells. In addition, the E7 protein of HPV, which physically interacts with and inactivates the Rb protein and then abrogates Rb-mediated growth suppression (Dyson et al., 1989) , had almost no effect on p220 replication (Figure 7e ).
Discussion
Overexpression experiments potentially have pleiotropic effects partly due to the high expression level far from the physiological range that could lead to overestimation of gene function. Here, we employ a more subtle approach: the targeted deletion of the destruction box of human Geminin gene in a cancer cell line by homologous recombination. The genetically altered cell line did not produce a grossly increased amount of Geminin protein compared to the parental HCT116 cells. This enables us to examine the importance of the destruction box of Geminin in human cells at near physiological levels of protein expression. In agreement with what has been reported previously, the results clearly indicate that destruction of Geminin is important for moving cells from G1 into S. A previous study has shown that overexpression of a nondegradable mutant of Geminin elicited apoptosis in U2OS cells (Shreeram et al., 2002) . Since we did not observe any apoptosis in the À/LoxP cells, we conclude that an endogenous nondegradable mutant of Geminin is sufficient to inhibit Cdt1 function, but not sufficient for the induction of apoptosis in the HCT116 colon cancer cell lines. The stabilization of endogenous Geminin in G1 leads to a reduction in the quantity of chromatin-bound MCMs, but not of ORC2, and a decrease in the DNA replication activity. It is noteworthy that the inhibition of DNA replication was reversed by overexpression of Cdt1 but not with SV40 large T, suggesting that the inhibition was mediated by a reduction in origin licensing. Targeted deletion of the destruction box of Geminin in human cells affected the degradation of Geminin in mitosis and G1. This is the first evidence that the importance of a destruction box has been tested in human cells without overexpressing the mutated protein.
It is interesting that the slight stabilization of endogenous Geminin was sufficient to activate a DNA damage checkpoint pathway. The specific induction of p21 was evidenced by the fact that overexpression of Cdt1 reverses the p21 protein expression. We initially hypothesized that the increase in cell cycle inhibitors was responsible for the phenotypes observed in Gemininmutated cells. To test this hypothesis, we made stable cell lines in which viral oncogenes SV40-T, HPV E6, or E7 are stably expressed in Geminin-mutated cells to inactivate the p53 and Rb pathways. The inhibition of DNA replication, prolongation of G1 phase, and support of oriP-based replication were not rescued by the simple inactivation of p53, Rb, or p21. In contrast, overexpression of Cdt1 rescued these phenotypes, suggesting that the alteration of the Geminin-Cdt1 balance in favor of Geminin could be implicated in the phenotypes seen in the Geminin-mutated cells.
Although the functions of destruction boxes have been tested in cells in culture, we were curious whether the phenotypes observed due to the stabilization of Geminin will persist in animals. In vivo tumorigenicity assay provides a means of assessing the functional importance of the destruction box of Geminin in animals. Our results clearly showed that the tumor volume and the numbers of Ki-67-positive cells decreased in Geminin-mutated cells, suggesting that the destruction box of Geminin is required for normal cell proliferation even in the context of tumors in animals.
It remains to be determined how Geminin regulates the levels of p53 and p21. It was previously shown that p53 is phosphorylated at serine 15 after adenovirusmediated overexpression of nondegradable Geminin (Shreeram et al., 2002) . We now show that stabilization of Geminin in G1 without gross overexpression also stabilizes p53. Whenever mammalian cells are prevented from completing synthesis from early replicons, ATM (ataxia telangiectasia mutated) independent, checkpoint signal stabilizes components of existing replicons and prevents initiation of replication from late-firing origins (Dimitrova and Gilbert, 2000) . Chk1 responds to stalled replication forks as a necessary component for an intra-S phase checkpoint (Feijoo et al., 2001) . Thus, one possibility is that DNA damage from incomplete replication initiation is responsible for activating p53 in the À/loxP cells. A slight increase in serine 20 phosphorylation of p53 is seen, but in the absence of any evidence of Chk1 or Chk2 protein activation, we cannot yet conclude that DNA damage is responsible for the activation of the DNA damage checkpoint pathways and constitutive stabilization of p53.
Finally, we provide additional evidence that cellular Cdt1 is necessary for replication from oriP of EBV using these genetically engineered cells. Geminin interacts tightly with Cdt1, a replication initiation factor necessary for MCM loading (Wohlschlegel et al., 2000; Tada et al., 2001) . Inhibition of DNA replication by Geminin in cell-free DNA replication extracts could be reversed by the addition of excess Cdt1 (Wohlschlegel et al., 2000) . We previously found that ORC2 is associated with EBNA1 and the extreme sensitivity of the oriPdependent plasmids replication in the ORC2 hypomorphic cells (Dhar et al., 2001) . The association of MCM2 and ORC2 with the replicator of oriP of EBV has also been reported . It is conceivable that Cdt1 forms a complex with the replicator of oriP via the interactions with other proteins. Such a possibility is consistent with the fact that Cdt1 associates not only with Geminin but also with ORC2 and MCM6 (Yanagi et al., 2002) . Consistent with this evidence, our results clearly indicate a defect in oriP-dependent replication upon the stabilization of Geminin in the À/LoxP cells. In addition, the defect was selectively rescued by overexpression of Cdt1.
The possibility that Geminin could involve in tumorigenicity was tested in nude mice where Geminin mutant cells were injected as xenografts. Geminin mutant cells led to a marked reduction of tumor formation. Given the in vitro and in vivo growth suppression of the Geminin-mutated cells, it is likely that the stabilizing Geminin, even at physiological protein levels during the G1 phase of the cell cycle, might efficiently regulate both the aberrant cell proliferation and latent infection of EBV. It is interesting to note that in a study with human lymphomas, however, increased levels of Geminin are correlated with increased tumor cell proliferation (Wohlschlegel et al., 2002) . The difference between the natural tumors and the xenografts reported here suggests that in the natural tumors, the increased Geminin was either countered by increased Cdt1, or the Geminin was seen only in the S and G2 phases of the cell cycle when it has little effect on cell proliferation.
Materials and methods
Tissue culture and transfections
The human colorectal cancer cell line HCT116 (American Type Culture Collection) and its derivatives were grown in 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in McCoy's 5A modified media (Invitrogen) and maintained at 371C in 5% CO 2 . Cells were transfected with Lipofectamine Plus (Invitrogen), following the manufacturer's protocol and selected by using hygromycin or geneticin (Invitrogen) at concentrations of 0.1 mg/ml and 0.5 mg/ml, respectively.
Geminin targeting construct and screening for recombinants
A promoterless strategy was adapted for targeting the Geminin gene (Waldman et al., 1995; Dhar et al., 2001 ).
Targeted disruption of Geminin destruction box K Yoshida et al A PAC clone (clone ID: RP3-369A17; GenBank accession number AL133264) containing human Geminin gene was purchased (Invitrogen) and used as the source for homologous arms. The two PCR-amplified fragments, one 1.0 kbp and the second 4.2 kbp, were used to construct the 5 0 and 3 0 arms of the targeting vector, respectively. The 1.0 kbp subclone contained the region immediately 5 0 of the initiation codon located in exon 2 of the Geminin coding region. The 4.2 kbp subclone contained a region beginning 131 bp distal to the initiation codon. Two fragments were assembled in pKO plasmid (Stratagene) surrounding a promoterless geneticin (G418)-resistant gene containing simian virus 40 polyadenylation signals (Neo cassette) (Figure 1a) . LoxP sites surrounding the Neo cassette were incorporated into the vector. All sequence was confirmed by sequencing. Transfection was performed with NotI linearized targeting vector.
For first allele targeting, G418-resistant clones were screened by PCR (Figure 1a) . Genomic DNA was prepared from G418-resistant clones and homologous recombinants identified by PCR were further confirmed by Southern blot using Neo probe. A clone carrying a homologous recombinant and no additional random integrants was then infected with recombinant adenovirus expressing Cre recombinase (purchased from Gene Transfer Vector Core, University of Iowa, IA, USA) to yield G418-sensitive clones. One of these heterozygous clones without Neo ( þ /LoxP) was then used for second round homologous recombination using the same targeting vector and several clones with both alleles of the Geminin disrupted (-/LoxP) were obtained and used for further experiments. Details of the constructs and PCR conditions, primer sequences are available upon request.
RT-PCR
We isolated total RNA using TRIZOL reagent (Invitrogen) according to the manufacture's instructions. The reverse transcription (RT) step was done according to the manufacturer's directions (Invitrogen). Briefly, 1 mg of extracted RNA and oligo(dT) primer were diluted in 13 ml of RNase-free water, heated to 651C for 5 min, and then chilled on ice. For first-strand cDNA synthesis, heat-denatured RNA solution, along with deoxynucleoside triphosphates, 10 mm dithiothreitol (DTT), and SuperScript II were added to make up 20 ml of reaction mixture, followed by incubation at 421C for 50 min, and then heated to 701C for 15 min and chilled on ice.
In order to amplify the Geminin and Cdt1 cDNA, 513 and 240 bp, respectively, the following primers were designed; Geminin: sense, 5 0 -CATCTACAACTTCCAGCCCTGGG-GTTA-3 0 ; antisense, 5 0 -GAACTAGTGGAGGTAAACTTC-GGCAGT-3 0 , Cdt1: sense, 5 0 -TGGGCACCTGTCGTCC-CAGCTACTAGGGAG-3 0 ; antisense, 5 0 -TTCAAAGCTGG-CTGGCTCTGGCCCTGTCAT-3 0 . PCR was performed as follows: 2 min at 941C; followed by 30 cycles of 941C for 30 s, 551C for 30 s, and 721C for 30 s; followed by an 5 min extension at 721C. As a control, b-actin primer set was used (Invitrogen).
Western blot analysis and chromatin fraction preparation
Cells were harvested and lysed in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, and 1 mg/ml each of aprotinin, pepstatin, and leupeptin) for 20 min on ice. The cell lysates were centrifuged and protein concentration was determined by the Bio-Rad protein assay kit (Bio-Rad laboratories). Before being subjected to SDS-PAGE, the reaction was stopped by adding Laemmli sample buffer containing 100 mM DTT. Equal amounts of cellular protein (30-100 mg) were electrophoresed in NuPAGE 4-12% Bis-Tris gel with MES running buffer (Invitrogen) and transferred to a Hybond-PVDF membrane (Amersham). The membrane was first blocked in TBS containing 0.1% Tween 20 and 5% nonfat dried milk and then incubated with the following primary antibodies: rabbit anti-human Geminin (sc-13015); goat anti-human Orc2 (sc-13238); goat anti-human MCM3 (sc-9850); goat antihuman MCM6 (sc-9843); mouse anti-human MCM7 (sc-9966); rabbit anti-human Chk1 (sc-7898); rabbit antihuman Chk2 (sc-9064); rabbit anti-human phospho Chk2-Thr 68 (sc-16297); rabbit anti-human p53 (sc-6243); rabbit anti-human phospho p53-Ser 15 (sc-11764); rabbit anti-human phospho p53-Ser 20 (sc-18079); rabbit anti-human p21 Waf1/Cip1 (sc-397); mouse anti-human Rb (sc-102); rabbit anti-human Rb (sc-50); rabbit anti-human phospho Rb-Ser 795 (sc-7986); mouse anti-human p34
Cdc2 (sc-054); rabbit anti-human cyclin B (sc-055); rabbit anti-human cyclin A (sc-751); and goat antihuman Akt1/PKB (sc-1618) from Santa Cruz Biotechnology, Cell cycle/Checkpoint sampler kit (including rabbit antihuman phospho Chk1-Ser 345, rabbit anti-human phospho Rb-Ser 807/811) and Phospho-p53 antibody sampler kit (including rabbit anti-human phospho p53-Ser 6, 9, 15, 20, 37, 46, and 392) obtained from Cell Signaling Technology: and then with peroxidase-linked anti-mouse immunoglobulin, antirabbit immunoglobulin, or anti-goat immunoglobulin antibody (Amersham). Enhanced chemiluminescence reagents were used to detect the signals according to the manufacturer's instruction (ECL Plus, Amersham).
For preparation of chromatin fraction, cells were treated prior to lysis as described (Todorov et al., 1995; Shreeram et al., 2002) . Briefly, cells were washed with PBS and with cytoskeleton (CSK) buffer (10 mM PIPES, pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 ). Then the cells were extracted twice with CSK buffer containing 0.5% Triton X-100, 0.5 mM PMSF, 1 mg/ml of each of leupeptin, pepstatin, and aprotinin for 5 min at 201C. The supernatant corresponding to the nonchromatin-bound fraction was separated by centrifugation at 1500 r.p.m. for 5 min. The remaining pellet containing the chromatin-bound fraction was washed with the same buffer and lysed in RIPA lysis buffer as above. For quantifying immunoblotting, Scion Image 4.02 software (http://www.scioncorp.com) was used.
Cell proliferation and cell cycle analysis
Cells were counted after trypan blue treatment. Cells were synchronized to G1-S by 0.4 mM mimosine (Sigma) for 24 h (Gilbert et al., 1995) . To prepare the M-G1 phase cell lysates, the cells blocked for 24 h by nocodazole (200 ng/ml) were harvested after the 3 h of release. DNA replication activity was measured by bromodeoxyuridine (BrdU) incorporation into newly synthesized DNA using Cell Proliferation ELISA (Roche). BrdU labeling was conducted by adding BrdU to the tissue culture medium before harvest for a period of 2 h. Standard methods were used for flow-cytometry analysis. Briefly, cells were harvested and washed once with PBS and fixed in ice-cold 70% ethanol with vigorous mixing. Cells were pelleted, washed once with PBS, and resuspended in 1 ml of PBS at 5 Â 10 5 cells/ml containing 25 mg/ml propidium iodide and 0.1 mg/ml RNase A for 30 min in the dark at 371C. The cells were analysed with a FACScan flow cytometer (Becton Dickinson) with Cell Quest software. The data from 30 000 cells were collected for analysis. Student's t-test was used for determining statistical significance throughout the study.
Assay for rescue and viral plasmid replication and maintenance
Mammalian expression vectors encoding full-length Cdt1 (Wohlschlegel et al., 2000) and SV40 large T antigen (SV40-T) under CMV promoter and the equivalent mock plasmid, pcDNA3 (Invitrogen) were used. Retroviral expression plasmid pLXSN encoding human papillomavirus type16 E6 or E7 (Halbert et al., 1992) was kindly provided by Dr Galloway (Fred Hutchinson Cancer Research Center, Seattle, USA). These vectors were cotransfected into À/LoxP cells with pBabe-puro (10 : 1) and stable clones were isolated after 2-3 weeks of puromycin (1 mg/ml; Invitrogen) selection.
For long-term assay of episomal plasmid replication, cells (2.5 Â 10 5 per 35-mm dish) were transfected with a plasmid (1 mg). Cells were washed extensively 1 day after transfection and 10% of the cells were returned to culture. At 48 h after transfection, hygromycin (100 mg/ml) was added and cells were selected for up to 2 weeks. Colonies were stained with crystal violet. The minimal replicator of EBV oriP plasmid, p396 is identical to p220 except that it has deletion in the EBNA1 DNA binding domain (Yates et al., 2000) , was kindly provided by Dr Yates (Roswell Park Cancer Institute, Buffalo, USA).
In vivo assays
Cells were harvested before inoculation and resuspended in serum-free medium at a concentration of 5 Â 10 7 cells per milliliter. Cells (5 Â 10 6 cells in 0.1 ml) were then inoculated subcutaneously (s.c.) at the proximal dorsal midline into 4-week-old female athymic BALB/c-nu/nu mice (Japan Clea), where inoculations were made in the right flanks. Tumor sizes in two dimensions were measured weekly, and volumes were calculated with the formula (L Â W 2 ) Â 0.5, where L is the length and W the width. Mice were housed in barrier environments, with food and water provided ad libitum. Animal care and use were in accordance with Institutional and the University of Tokyo guidelines.
Histological analysis
Formalin-fixed, paraffin-embedded sections were used for hematoxylin-eosin (H&E) staining and for immunohistochemical analysis. To assess proliferative activity of tumor cells, immunohistochemical staining for Ki-67, a proliferation-associated antigen, was performed by standard peroxidase method. In brief, deparaffinized sections were pretreated by autoclave heating (1201C for 5 min) followed by anti-Ki-67 mAb (clone MIB-1, DAKO) treatment. Antibody-binding sites were detected using peroxidase-conjugated polyvalent detection system (ENVISION kit, DAKO). The chromogen used was 3,3-diaminobenzidine tetrahydrochloride (DAB, brown). For detection of apoptosis, TUNEL method (Gavrieli et al., 1992) was applied by using commercially available kit (ApopTag In situ apoptosis detection kit, Intergen). TUNEL was performed according to the manufacturer's suggested method with slight modifications. In brief, deparaffinized sections were treated with proteinase K (20 mg/ml for 15 min at 371C), and incubated in TUNEL mixture containing FITC-labeled dUTP and recombinant terminal deoxynucleotidyltransferase (TdT). Detection of incorporated FITC-labeled dUTP was done using peroxidase-conjugated rabbit anti-FITC F(ab 0 ) antibody (DAKO). The chromogen used was VIP (Vector VIP substrate, Vector Labs, purple).
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